Plant nutrient management can influence the type and level of polyphenolic compounds within leafy vegetables. Therefore, we investigated the effects of fertilizer micro-dosing and harvest time on antioxidant activities of aqueous polyphenolic extracts from Amaranthus cruentus, Ocimum gratissimum and Solanum macrocarpon. Plants were cultivated using urea alone or combined with cattle manure for three staggered harvest periods. Polyphenolics profile (RP-HPLC), DPPH, hydroxyl and superoxide radical scavenging activities, ferric ion reducing power, ferrous ion chelation and inhibition of linoleic acid oxidation were determined. Polyphenolic contents of A. cruentus (caffeic acid, myricetin, quercetin and rutin) and O. gratissimum (catechin and gallic acid) as well as antioxidant activities of the vegetables extracts (except hydroxyl radical scavenging by A. cruentus) were fertilizer micro-dose and harvest timedependent. Thus, combination of both factors highlighted the screening of optimal farming conditions for these vegetables in order to get leaf extracts possessing higher polyphenolic contents and antioxidant activities.
Introduction
Free radicals and reactive oxygen species (ROS) are produced in the human body during biochemical and metabolic processes and contribute to a high prooxidant/antioxidant ratio, which is associated with high prevalence of oxidative stress-related diseases (HuiFang et al., 2018; Houston, 2010) . All organisms are naturally equipped with antioxidant protection systems, which are able to prevent the harmful effects of ROS, though this endogenous protection system cannot adequately counteract oxidative stress (Houston, 2010) . Thus, improvement of this endogenous protection system through the supply of additional (exogenous) natural antioxidant compounds from food systems may be beneficial Tavarini et al., 2015) . Most natural antioxidants found in plant foods are polyphenolic compounds, which are divided into three main families (flavonoids, phenolic acids and tannins) and Djibril Moussa et al.
Antioxidant properties of leafy vegetables several sub-families according to degree of unsaturation, degree of oxidation of the oxygenated heterocycle, position and number of substituents (Guerrero et al., 2012; Irondi et al., 2016; Mathew et al., 2015) . These chemical differences within the structure of polyphenolic compounds contribute to their antioxidant activity exerted by acting as hydrogen or electron donors, reducing agents, transition metal chelators and quenchers of ROS (Fasakin et al., 2011; Yehye et al., 2015) . Ability of polyphenolic compounds to act as donors of hydrogen atoms or electrons was demonstrated in the transformation of DPPH radical into its reduced form DPPH-H (Yehye et al., 2015) . Their reducing properties are associated with ability to break the free radical chain by donating an electron, to form transition metal ions and to react with some precursors of peroxide to prevent peroxide formation (Fasakin et al., 2011) . Transition metal ions such as Fe 2+ and Cu 2+ can interact with hydrogen peroxide to generate hydroxyl radicals through Fenton reactions (Yehye et al., 2015) . Superoxide radical can initiate lipid peroxidation either directly or by Fenton reactions via formation of hydroxyl radical (Fasakin et al., 2011) . Lipid peroxidation proceeds via radical-mediated abstraction of hydrogen atoms from methylene and accelerated by the presence of hydroxyl radical (Fasakin et al., 2011; Yehye et al., 2015) . The chain reaction of lipid peroxidation generates a complex mixture of secondary breakdown products such as aldehydes, ketones and other potentially toxic substances (Fasakin et al., 2011; Yehye et al., 2015) . Thus, inhibition of lipid peroxidation is an important indicator of the antioxidant activity.
Vegetables, including leafy vegetables, contribute to a balanced and healthy diet because of the quality of their phytochemicals (vitamins and polyphenols), which can exert various antioxidant activities Olarewaju et al., 2018; Tavarini et al., 2015) . Consumption of indigenous vegetables is rooted in dietary habits of Africans with Amaranthus cruentus (Amaranthaceae), Ocimum gratissimum (Lamiaceae) and Solanum macrocarpon (Solanaceae) belonging to a class of nutritionally and medicinally beneficial leafy vegetables (Achigan-Dako et al., 2010) . These leafy vegetables are grown in various ecological zones and are often harvested on staggered timing after maturity (Achigan-Dako et al., 2010) . They are inexpensive and rich sources of nutrients such as minerals, vitamins, carotenoids and polyphenols (Vodouhe et al., 2012) , although their nutrient profiles are affected by agronomic and environmental factors including soil type, water and nutrient supply, cultivation methods and harvest time (Brasileiro et al., 2015; Sossa-Vihotogbé et al., 2013a; Tavarini et al., 2015) .
The intensification of agricultural production to increase crop productivity on limited arable land is important to guarantee food availability and the positive role of mineral fertilizers (reduction of soil nutrient mining) within such cropping system is undeniable (Bindraban et al., 2015) . The efficient use of mineral fertilizers through their micro-dosing provides promising results considering crops productivity and farmers' income when used for cerealbased cropping systems in sub-Saharan West Africa (Adams et al., 2016; Tovihoudji et al., 2018) . The fertilizer micro-dosing technology utilizes direct application of a small quantity of mineral fertilizer placed at an optimized depth and distance around the target crop either at planting time or a few weeks thereafter (Adams et al., 2016; Tovihoudji et al., 2018) . Little is known about the impact of this technology on performance of other cropping systems especially indigenous leafy vegetables and on their potential health benefits. This study was undertaken to determine the effects of fertilizer micro-dosing and harvesting time on the antioxidant activities of the polyphenolic extracts from three indigenous leafy vegetables, Amaranthus cruentus (AC), Ocimum gratissimum (OG) and Solanum macrocarpon (SM).
Materials and methods

Chemicals
The following reagents were purchased from Sigma-Aldrich (St Louis, Missouri, USA): 1,1-diphenyl-2-picryl-hydrazyl (DPPH); 1,10 phenanthroline; 2,4,6-tri(2-pyridyl)-S-triazine 1,1-diphenyl-2-picrylhydrazyl (TPTZ); 3-(2-pyridyl)-5,6-bis (4-phenyl-sulfonic acid)-1,2,4-triazine (ferrozine); caffeic acid; catechin; ferrous sulphate (FeSO 4 ); gallic acid; hydrogen peroxide (H 2 O 2 ); linoleic acid; myricetin; potassium acetate (CH 3 CO 2 K); pyrogallol; quercetin and rutin. Folin-Ciocalteu reagent, ethanol, hydrochloric acid (HCl) and methanol were purchased from Fisher Scientific (Oakville, Ontario, Canada). All chemicals used were of analytical grade.
Plant material
Leafy vegetables were cultivated between January and June 2016 in experimental farm of the Northern Center of National Agricultural Research Institute (NARI) in Republic of Benin (9°57′ N, 2°43′ E and 358 m a.s.l.; Ina village, Bembereke district). Vegetables were grown under fertilizer micro-dosing technology using urea alone (80 kg/ha coded D80) or combined (0, 20, 40 and 60 kg/ ha, respectively coded D0, D20, D40 and D60) with cattle manure (5 t/ha), in a randomized complete block design with four replications. Seeds were bought from NARI and grown in nurseries for four (AC) or six (OG and SM) weeks. Cattle manure was applied to experimental plot units (6 m x 1 m) one week before transplanting while urea was applied immediately after transplanting.
Sampling
Harvests of each vegetable were staggered three times (H1, H2 and H3) and at regular intervals: 4-6-8 (AC), 6-10-14 (SM) and 8-12-16 (OG) weeks after transplanting. Vegetables were collected by cutting plants at a height of 10 cm above soil level excluding plants located at border lines of experimental units. The four replicates of the same treatment were bulked together to form a homogeneous sample, bagged, labelled and transported fresh with ice to laboratory. Sample were labeled by combining fertilizer micro-dose and harvest order (D0H1, D0H2, D0H3, D20H1,  D20H2, D20H3, D40H1, D40H2, D40H3, D60H1, D60H2 , D60H3, D80H1, D80H2 and D80H3) for each vegetable species. Edible leaves were washed and drained before being oven-dried at 60 °C using a Memmert UN450 oven (Memmert GmbH + Co. KG, Schwabach, Germany), for a minimum of 24 h, until leaves had a constant weight. Dried leaves were ground using a Cuisinart Grinder (Model DCG-12 BCC, Cuisinart, Woodbridge, Ontario, Canada) and leaf powders were stored at −20 °C before analysis.
Polyphenol extraction
Polyphenols were extracted from the leaf powders according to Djibril-Moussa et al. (2019) method using double deionized water (DDW) at 1:20 ratio (leaf powder to DDW). The mixture was stirred for 2 h at 60 °C on a IKA® C-MAG HS hotplate magnetic stirrer coupled with IKA® ETS-D5 temperature controller (IKA®, Wilmington, North Carolina, USA). Afterwards, the mixture was centrifuged for 30 min (5000 × g at 4 °C) using a Beckman Allegra 6R refrigerated centrifuge (Beckman Coulter Inc, Mississauga, Antioxidant properties of leafy vegetables Djibril Moussa et al.
Ontario, Canada). After centrifugation, the supernatant was decanted and filtered through cheesecloth. The filtrate was collected in a container while retained solids were combined with the precipitate and dispersed in another 200 mL of DDW. The extraction process was repeated as above and both filtrates were pooled, concentrated under vacuum at 60 °C using a Hei-VAP-Core rotary evaporator (Heidolph, Schwabach, Germany). The concentrated extracts were freeze-dried at −80 °C using a VirTis GPFD 24DX48 freeze dryer (SPScientific, Stone Ridge, New York, USA) to produce the aqueous polyphenolic extracts.
Total phenolics content (TPC)
TPC of the aqueous extracts was determined according to DjibrilMoussa et al. (2019) method. Aqueous extracts (0.5 mg/mL) and gallic acid (25-300 μg/mL) were separately dissolved in aqueous methanol (50%, v/v). A 250 μL aliquot of the methanolic solutions was mixed with 250 μL of Folin Ciocalteu reagent. The mixture was allowed to stand for 5 min before 500 μL of NaCO 3 (10%, w/v) and 4 mL of DDW were added. Thereafter, the reaction mixture was thoroughly mixed and allowed to stand in the dark for 1 h at 25 °C. After 1 h, absorbance was measured at 725 nm using a UV-Visible spectrophotometer (Ultrospec 4300 pro, Biochrom, Cambourne, Cambridge, England) coupled with SWIFT II instrument control data analysis software. TPC was calculated using regression equation from standard curve of gallic acid (y = 0.0039x − 0.096; R 2 = 0.9952) and expressed as gallic acid equivalent (GAE mg/g of dry mass).
Total flavonoids content (TFC)
TFC of the aqueous extracts was determined according to DjibrilMoussa et al. (2019) method. Samples (0.5 mg/mL) were dissolved in DDW while rutin (25-600 μg/mL) was dissolved in methanol (99.9%). A 100 μL aliquot of sample was mixed with 300 μL of dilution solvent, 20 μL of 10% (w/v) AlCl 3 , 20 μL of 1 M CH 3 CO 2 K and 560 μL of DDW. The mixture was thoroughly shaken and allowed to stand for 30 min at room temperature. Absorbance of reaction was measured at 415 nm using the Power wave XS2 spectrophotometer (BioTek Instruments, Inc., Winooski, Vermont, USA) coupled with Gen5 2.04 data analysis software. TFC was calculated using regression equation from standard curve of rutin (y = 0.0017x − 0.0145; R 2 = 0.9976) and expressed as rutin equivalent (RE mg/g of dry mass).
Profile of main polyphenolic compounds
Polyphenolic compounds were identified and quantified according to Olarewaju et al. (2018) method with slight modifications. This method used a reversed-phase high-performance liquid chromatography system and was performed with a Varian 900-LC series system (Agilent Technologies, Santa Clara, California, USA) fitted with a C18 analytical column (250 × 4.6 mm, 5 µm) (Phenomenex Inc., Torrance, California, USA) pre-heated to 30 °C. Polyphenolic extracts (10 mg/mL) were dissolved in DDW containing 1% acetic acid (mobile phase A) while standards (caffeic acid, catechin, gallic acid, myricetin, quercetin and rutin) were dissolved (0.5-2 mg/mL) in ethanol. Samples were incubated at room temperature for 1 h and filtered through 0.22 μm discs. A 20 µL aliquot of sample filtrate was injected into the column and solvents used were 1% acetic acid in DDW (mobile phase A) and methanol (mobile phase B). Elution was set at a flow rate of 1 mL/min over 75 min with the following gradients: 95% A and 5% B for 35 min; 80% A and 20% B for 15 min; 40% A and 60% B for 10 min and 70% A and 30% B for 15 min. Polyphenolic compounds were detected using UV detectors set at wavelengths of 280 and 320 nm. Chromatographic peaks were identified by comparing retention time of polyphenolic compounds from leaf extracts with those of standards. Quantification of compounds was made by integrating peaks areas using calibration curve generated from a linear plot of elution time versus peak area for each standard. Results were expressed as mg/g of dried leaf extracts.
Determination of antioxidant activities
Six assays, each performed in triplicate, were used to determine antioxidant activity of polyphenolic extracts in comparison to blank (replacing samples by dilution solvent). DPPH radical scavenging activity (DPPH-RSA), hydroxyl radical scavenging activity (HRSA), superoxide radical scavenging activity (SRSA), ferric ion reducing antioxidant power (FRAP), ferrous ion chelation (FIC) and inhibition of linoleic acid oxidation (ILAO) were assayed following methods described by Fasakin et al. (2011) , with slight modifications. Absorbance of blank (A blank ) and samples (A sample ) were measured using a spectrophotometer Power wave XS2 coupled with Gen5 2.04 data analysis software and antioxidant activity was calculated as follows:
DPPH radical scavenging activity (DPPH-RSA)
Aqueous extracts (0.05-0.35 mg/mL) were dissolved in 0.1 M sodium phosphate buffer (pH 7.0) containing 1% Triton X-100. A 100 μL aliquot of sample was mixed with 100 μL of DPPH in methanol (100 μM) into 96-well plate and incubated under dark conditions, at room temperature for 30 min. Absorbance of blank and samples were measured at 517 nm and DPPH-RSA was calculated.
Hydroxyl radical scavenging activity (HRSA)
Aqueous extracts (2.5 and 5.0 μg/mL for AC and SM, 1.0 and 1.5 mg/mL for OG) were dissolved in 0.1 M phosphate buffer (pH 7.4). A 50 μL aliquot of sample was directly mixed into a clear bottom 96-well plate with 50 μL of 1,10-phenanthroline (3 mM), 50 μL of FeSO 4 (3 mM) and 50 μL of H 2 O 2 (0.01%). Absorbance of this mixture was read over 1 h (at 10 min intervals), at 37 °C and 536 nm. Kinetics of reaction rates of blank and samples were calculated over the time period and used to determine HRSA.
Superoxide radical scavenging activity (SRSA)
Aqueous extracts (2.5 and 5.0 μg/mL for AC and SM, 1.0 and 1.5 mg/mL for OG) were dissolved in 50 mM Tris-HCl buffer (pH 8.3) containing 1 mM EDTA. A 80 μL aliquot of hydrated aqueous extracts was mixed with 80 μL of 50 mM Tris-HCl buffer (pH 8.3) containing 1 mM EDTA directly into a clear bottom 96-well plate. Pyrogallol (1.5 mM) dissolved in HCl (10 mM) and 40 μL was added to each well. Absorbance of this mixture was determined immediately at 1 min interval for 4 min, at 25 °C and 420 nm. Kinetics of reaction rates of blank and samples were calculated over reading period and used to determine SRSA.
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Ferric ion reducing antioxidant power (FRAP)
Aqueous extracts (0.5 mg/mL) and FeSO 4 (0.0625-1 μM) were dissolved in DDW. A 40 μL aliquot of sample was pipetted into a clear bottom 96-well plate with 200 μL of FRAP reagent (100 mL of 0.3 M acetate buffer (pH 3.6), 20 ml of TPTZ (10 mM) in HCl (40 mM) and 20 mL of FeCl 3 ). Absorbance was measured at 593 nm and FRAP (expressed as mM Fe 2+ /mg of dry mass) was calculated using regression equation from standard curve of FeSO 4 (y = 2.1463 x + 0.0971; R 2 = 0.9999).
Ferrous ion chelation (FIC)
Aqueous extracts (0.2-0.7 mg/mL) were dissolved in DDW. A 1 mL aliquot of sample was mixed with 25 μL of 2 mM FeCl 2 and 925 μL of dilution solvent. A 50 μL aliquot of 5 mM Ferrozine solution was added and mixed thoroughly. The mixture was allowed to stand at room temperature for 10 min before a 200 μL aliquot was pipetted into a clear bottom 96-well plate. Absorbance of blank and samples were read immediately at 562 nm and FIC was calculated.
Inhibition of linoleic acid oxidation (ILAO)
Aqueous extracts (0.25 and 0.50 mg/mL) were dissolved in 5 mL of 0.1 M sodium phosphate buffer (pH 7.0). A 5 mL aliquot of 50 mM linoleic acid dissolved in 99.5% ethanol was added to samples. The mixture was incubated at 60 °C in the dark over a period of 7 days and at 24 h intervals, 100 μL was taken and mixed with 4.7 mL of aqueous ethanol (75%), 100 μL of ammonium thiocyanate (30%) and 100 μL of FeCl 2 (0.02 M) dissolved in HCl (1 M). The resultant mixture was incubated for 3 min at room temperature followed by transfer of 200 μL into a clear bottom 96-well plate.
Absorbance of blank and samples were measured at 500 nm and used to calculate ILAO.
Statistical analysis
Effective concentration of samples required to reduce free radical activities by 50% (EC 50 ) was calculated using non-linear regression on a Prism 6 software (GraphPad Corp., La Jolla, USA). The EC 50 is inversely related to effective activity and was not calculated when activity did not exceed 50% at highest concentration tested. Analysis of variance (ANOVA) on repeated measures was performed using R software version 3.1.0 (The R Foundation for Statistical Computing, Vienna, Austria) to determine effect of fertilizer microdose and harvest time on polyphenolic compounds and antioxidant activities of each vegetable species. Means were separated using Duncan's test. Correlations between polyphenolic compounds and antioxidant activities were determined by Pearson's test and linear regression analysis was performed on the most strongly correlated variables using Prism 6. Significance was set at p < 0.05.
Results
Variability of polyphenolic compounds in leafy vegetables
Typical chromatograms of polyphenolic compounds obtained for each vegetable species are presented in Figure 1 , showing a variety of compounds comprising some identified and unidentified peaks, with differences between vegetable species. Quantification of identified compounds revealed significant differences between species: OG had higher contents of caffeic (23.6 mg/g) and gallic (9.3 mg/g) acids when compared to AC (8.3 mg/g and 6.7 mg/g, respectively) and SM (3.6 mg/g and 7.8 mg/g, respectively). Levels of catechin observed with AC (2.7 mg/g) and OG (2.6 mg/g) were higher than that of SM (< 0.1 mg/g). Myricetin contents in SM (34.8 mg/g) and AC (22.6 mg/g) were higher than that of OG (4.5 mg/g). Higher contents of quercetin (52.4 mg/g) and rutin (23.4 mg/g) were found in AC in comparison to OG (13.9 mg/g and 6.5 mg/g, respectively) and SM (0.1 mg/g and 12.4 mg/g, respectively).
Effect of fertilizer micro-dose and harvest time on polyphenolic compounds
ANOVA indicated significant interaction effects of fertilizer micro-dose and harvest time on some polyphenolic compounds in AC and OG (Table 1) : caffeic acid (p = 0.01), myricetin (p = 0.02), quercetin (p = 0.03) and rutin (p = 0.03) contents of AC and catechin (p = 0.04), gallic acid (p = 0.01) and rutin (p = 0.03) contents of OG, thus suggesting the contents of these compounds may be related to fertilizer micro-dose and harvest time. Accordingly, the highest quercetin (52.4 ± 4.5 mg/g) and rutin (23.4 ± 1.2 mg/g) contents in AC were found in D20H1 and D20H2 while D20H3 had the lowest content (< 0.1 mg/g). Likewise, gallic acid (9.3 ± 0.0 mg/g) and rutin (6.5 ± 0.2 mg/g) contents in OG were high in D80H1 and D80H2, respectively while for D80, the lowest contents (< 0.1 mg/g) were respectively found at third (< 0.1 mg/g) and first (0.3 ± 0.0 mg/g) harvests. Higher caffeic acid content of AC (8.3 ± 1.0 mg/g) and catechin content of OG (2.6 ± 0.3 mg/g) were, respectively observed with D0H3 and D0H1 whereas with D0, the lowest contents (< 0.1 mg/g) were obtained at first (caffeic acid) and second (catechin) harvests. As far as fertilizer application is concerned, quantitative variations were observed within vegetable species with neither upward nor downward trend when increasing fertilizer micro-doses (Figure 2) ; similar trend was observed with harvest time. Gallic acid content of AC was significantly affected by fertilizer micro-dose (p = 0.02) and harvest time (p = 0.01) with the highest content found for AC grown with D0 and for leaves collected at second harvest (Table 1) . Harvest time had significant effects on caffeic acid (p = 0.03), myricetin (p = 0.04) and quercetin (p = 0.03) contents of OG (Table 1) , resulting in the highest contents at second harvest, except for caffeic acid that was higher at third harvest of OG.
Regarding SM, no significant effect of interaction of both factors was evidenced on identified polyphenolics although fertilizer micro-dose significantly affected its rutin content (p = 0.02), with D60 giving significantly higher rutin content ( Table 1) . In regards to harvest time, polyphenolics had various behaviour: caffeic acid and rutin contents increased with harvesting time while the highest catechin and gallic acid contents were obtained at first harvest.
Effect of fertilizer micro-dose and harvest time on antioxidant activities
3.3.1. DPPH radical scavenging activity (DPPH-RSA)
The EC 50 from DPPH-RSA varied in the range of 0.1-1.3 mg/ mL: AC (0.6-1.3 mg/mL), OG (0.2-0.9 mg/mL) and SM (0.1-0.7 -value. b Data from highest concentration tested (5 μg/mL for A. cruentus and S. macrocarpon and 1.5 mg/mL for O. gratissimum). c Data used were those from the first two harvests of D0, D20, D40 and D60. d Ddata from lowest concentration tested (0.25 mg/mL) at highest inhibition day (day 4). e Data used were those from D0, D20, D40 and D60. Significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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Hydroxyl radical scavenging activity (HRSA)
The HRSA of aqueous extracts, ranged from −2.7 to 68.9% and were concentration-dependent: increasing with increase in aqueous extract concentrations. OG had higher HRSA (11.6-68.9%) at 1.5 mg/mL when compared to AC (−2.7-3.4%) and SM (0.4-4.2%) at 5.0 μg/mL. Six samples from AC (D0H3, D20H3, D40H3, D80H1, D80H2 and D80H3) did not show any HRSA thus, samples of AC from application of D80 (regardless harvest time) and those from third harvest (regardless fertilizer micro-doses) were not considered for ANOVA. Values from AC were only affected by harvest time (p = 0.01), decreasing with increasing in harvesting time (Table 1 and Figure 3d ). Regarding OG and SM, significant main and interactive effects (p = 0.00) of fertilizer micro-dose and harvest time were evident (Table 1) . The highest HRSA obtained with D40H2 of OG (68.9%) and D40H1 of SM (4.2%) while the lowest HRSA for OG and SM produced with D40 were recorded at first (18.9%) and third (1.3%) harvests, respectively ( Figures  3e and f) .
Superoxide radical scavenging activity (SRSA)
The SRSA of aqueous extracts ranged from 1.0 to 46.9%. OG had higher SRSA (10.7-46.9%) at 1.5 mg/mL when compared to AC (1.0-8.6%) and SM (−2.5-5.2%) at 5.0 μg/mL. Three samples of SM (D0H3, D20H1 and D80H1) did not show any SRSA. ANOVA revealed significant main and interactive effects of fertilizer micro-dose and harvest time respectively for AC (p = 0.00, p = 0.01 and p = 0.00), OG (p = 0.01, p = 0.00 and p = 0.00) and SM (p = 0.00) at the highest concentrations tested (Table  1) . Samples with the highest SRSA (Figures 3g, h and i) were from D80H3 for AC (8.6%), D60H3 for OG (46.9%) and D40H1 for SM (5.2%). However, application of D80 and D60 induced low SRSA at first harvest, respectively to AC (3.7%) and OG (22.8%). In contrast, the use of D40 for SM led to low SRSA at the third harvest (2.6%). 
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Ferric ion reducing antioxidant power (FRAP)
The FRAP of OG (0.3-1.2 mM Fe 2+ /mg) and SM (0.2-0.5 mM Fe 2+ /mg) were higher than those of all samples from AC (0.1-0.2 mM Fe 2+ /mg). ANOVA indicated significant main and interactive effects (p = 0.00) of fertilizer micro-dose and harvest time for all vegetable species ( (Figure 4a ) and of D20 to OG ( Figure 4b ) were at third harvest (0.1 mM Fe 2+ /mg and 0.3 mM Fe 2+ /mg, respectively) whereas production of SM with D0 ( Figure 4c ) induced lower FRAP at first harvest (0.2 mM Fe 2+ /mg).
Ferrous ion chelation (FIC)
The FIC EC 50 of polyphenolic extracts varied strongly for AC samples (0.1-0.3 mg/mL) in comparison to OG (0.7-1.4 mg/mL) and SM (0.0-3.4 mg/mL) samples. Significant main and interactive effects of fertilizer micro-dose and harvest time (p = 0.00) were observed for AC, OG and SM (Table 1) . Samples from D20H3 of AC (0.1 mg/mL), D20H2 of OG (0.2 mg/mL) had the lowest EC 50 (Figures 4d, e and f) while AC and OG grown with D20 had the highest values at first (0.3 mg/mL) and third (1.8 mg/mL) harvests, respectively (Figures 4d and e) . Regarding SM (Figure 4f ), the lowest EC 50 was found with D80H1 (< 0.1 mg/mL) and the highest value observed with application of D80 was at third harvest (2.6 mg/mL).
Inhibition of linoleic acid oxidation (ILAO)
The ILAO by polyphenolic extracts was concentration-dependent and decreased with increase in extract concentrations. Absorption intensities of blank for polyphenolic extracts reached their highest intensities (0.8) at fourth day of incubation while OG and SM had lower absorption intensities (< 0.4) than AC ( Figure 5 ). High ILAO was observed on the fourth day for AC (−24.1-86.6%), OG (59.2-81.9%) and SM (53.1-87.6%). Given that two samples of AC (D80H1 and D80H2) did not show any ILAO over the incuba- Antioxidant properties of leafy vegetables Djibril Moussa et al.
tion time, samples of AC from D80 (regardless of harvest time) were discarded for ANOVA. There were significant main and interactive effects of fertilizer micro-dose and harvest time (p=0.00) for AC, OG and SM (Table 1 ). The highest ILAO were obtained (Figures 4g, h and i) with D40H1 for AC (86.6%), D80H3 for OG (81.9%) and D40H2 for SM (87.6%) whereas the lowest ILAO was recorded with application of D40 to AC (38.7%) and SM (71.6%) at third harvest and with use of D80 to OG at first harvest (64.9%).
Relationship between polyphenolics and antioxidant activities
Correlation between polyphenolic compounds and antioxidant activities (Table 2 ) revealed that TPC was significantly and positively correlated to content of some polyphenolics (catechin and quercetin) while negatively linked to others (myricetin). However, most of correlations found between polyphenolics and antioxidant activities were negative, except for TPC and DPPH-RSA (r = 0.770, p = 0.00), TFC and FIC (r = 0.533, p = 0.00) as well as caffeic acid and SRSA (r = 0.578, p = 0.00) or FIC (r = 0.632, p = 0.00). Significant correlations were also recorded within antioxidant activities and the strongest was between HRSA and FRAP (r = 0.878, p = 0.00). Linear regression revealed that increase in TPC enhanced EC 50 values of DPPH-RSA and that TPC explained 59.3% of the variability observed for EC 50 values of DPPH-RSA (Figure 6a ). Similarly positive relation linked HRSA and FRAP, with 77.1% of the total variation explained (Figure 6b ).
Discussion
Polyphenols profile as affected by fertilizer micro-dose and harvest time
Leafy vegetables produced with fertilizer micro-dosing had comparable range of polyphenolic compounds (caffeic acid, catechin, gallic acid myricetin, quercetin and rutin) to conventionally grown leafy vegetables. For example, gallic acid and rutin contents obtained in this study are similar to those reported by Oboh et al. (2016) in Amaranthus hybridus (1.3 mg/g), Talinium triangulare (1.7 mg/g and 0.7 mg/g, respectively), Telfairia occidentalis (1.5 mg/g and 4.7 mg/g, respectively) and Vernonia amygdalina (0.5 mg/g and 1.6 mg/g, respectively). Values of gallic acid contents are within the range of those reported in Mormodica charantia (0.1-1.0 mg/g) and Mormodica dioica and rutin (0.3 mg/g) in M. dioica (Nagarani et al., 2014) . Caffeic acid and catechin contents found in this study for AC and OG are within the maximum and minimum values recorded in M. charantia (0.1 mg/g and 1.5 mg/g, respectively) and T. triangulare (3.0 and 0.7 mg/g, respectively) (Nagarani et al., 2014; Oboh et al., 2016) . The range of quercetin contents recorded for AC in this study is comparable to values reported (Nagarani et al., 2014; Oboh et al., 2016) for M. charantia (26.0-41.9 mg/g), T. triangulare (2.5 mg/g) and V. amygdalina (4.3 mg/g). Fertilizer micro-dose, harvest time and interaction of both factors imparted various behaviours to the aqueous polyphenolic ex- Djibril Moussa et al.
Antioxidant properties of leafy vegetables tracts, which is in agreement with reports relating polyphenolic profile in leafy vegetables subjected to some agronomic and environmental factors including nutrient supply and harvest time (Brasileiro et al., 2015; Sossa-Vihotogbé et al., 2013a; Stefanelli et al., 2011; Tavarini et al., 2015) . Uses of urea micro-doses and/or cattle manure were beneficial for polyphenolic compounds synthesis, which is consistent with reports on the effect of organic fertilizer associated with moderate doses of mineral fertilizer in promoting synthesis and availability of polyphenols within leafy vegetables (Sossa-Vihotogbé et al., 2013a) . The results suggest a structurespecific response of polyphenol synthesis to doses of nitrogen fertilization. High nitrogen supplies have been reported to facilitate plant growth and photosynthesis, which was associated with enhanced synthesis of nitrogen-based compounds at the expense of carbon-based metabolites (e.g., polyphenols) that lack nitrogen within their chemical structure (Stefanelli et al., 2011; Tavarini et al., 2015) . Synthesis of carbon-based metabolites is favored under limited nitrogen conditions via phenylpropanoid metabolism in the plant during which activity of phenylalanine ammonia-lyase, levels of ammonia and synthesis of phenolic compounds increased (Stefanelli et al., 2011) . Likewise, organic farming has demonstrated its ability to increase soil capacity to store adequate moisture and nutrients used by the plant for synthesis of polyphenols (Ibrahim et al., 2011) . Nevertheless, synthesis of metabolites is related to a plant's particular needs during growth and differentiation processes, which are linked to maturity stage and environmental conditions (Tavarini et al., 2015) . During their growth, one of plants' defense strategies to injury stress is to activate phenylpropanoid metabolism thereby, increasing synthesis of polyphenolic compounds, which protect leaves during their normal ontogeny (Brasileiro et al., 2015; Tavarini et al., 2015) . Thus, the variability found in effect of fertilizer micro-dose, harvest time and interaction of both factors in this study could be related to type Antioxidant properties of leafy vegetables Djibril Moussa et al.
and rate of fertilizer supplied to the plant. The variability could also be due to differences in responses of plant species to environmental conditions (determining polyphenolic contents at first harvest) and to mechanical wounding caused by successive leaf harvests (influencing polyphenolic contents at the last two harvests).
Variability in antioxidant activities as response of fertilizer dose and harvest time
The in vitro screening methods used in this study were reported as appropriate methods for identification of potential antioxidant sources due to their relatively low-cost, easiness to perform, use of non-ultra-sensitive equipment and widespread application (de Camargo et al., 2019; Granato et al., 2018) . The EC 50 from DPPH-RSA recorded were higher than those reported by Oboh et al. (2016) for A. hybridus (36.4 μg/mL), T. triangulare (54.9 μg/mL), T. occidentalis (37.7 μg/mL) and V. amygdalina (29.6 μg/mL). The HRSA values found in this study are lower than those obtained by Fasakin et al. (2011) for V. amygdalina and G. latifolium (> 80% at 1 mg/mL) while higher HRSA values (EC 50 : 45.4-76.6 μg/ mL) were reported for A. hybridus, T. triangulare, T. occidentalis and V. amygdalina . The SRSA values observed for OG are comparable to the SRSA reported for V. amygdalina (15-40%) and G. latifolium (10-30%) at 1 mg/mL concentration (Fasakin et al., 2011) -Vihotogbé et al., 2013b; Stefanelli et al., 2011) are lower than those obtained in this study. The extracts used in this study exhibited higher FIC than those of V. amygdalina (18-23%) and G. latifolium (5-10%) (Fasakin et al., 2011) . The ILAO by antioxidant compounds is associated with their free radical scavenging or metal ion chelation activity (Fasakin et al., 2011; Oboh et al., 2016; Yehye et al., 2015) . At earlier incubation days (days 0-1), polyphenolic extracts did not show ILAO because of gradual generation of linoleic acid peroxyl radicals. Thereafter, an overall inhibitory activity was observed over the incubation period with highest inhibition levels against linoleic peroxyl radicals on the fourth day. Gradual decrease of inhibitory activities were reported (Fasakin et al., 2011; Yehye et al., 2015) and linked to decomposition of lipid peroxides into oxidation products (aldehydes and ketones). Antioxidant activities of leaf extracts suggest that they are good sources of water-soluble polyphenolic compounds, which exert DPPH-RSA, HRSA, SRSA, FRAP, FIC and ILAO. The moderate antioxidant activities recorded in this study indicate that quantified polyphenolic compounds may not have sufficient ability to scavenge already formed free radicals and simultaneously delay synthesis of ROS precursors, regardless of the structure-activity relationships governing antioxidant activities of polyphenolic compounds. These relationships result from ability of polyphenolic compounds to be involved in redox reactions through the presence of aromatic rings, carboxyl, hydroxyl and/or methoxyl groups within their structures (Guerrero et al., 2012; Irondi et al., 2016; Mathew et al., 2015) . Regarding phenolic acids, cinnamic acid derivatives (e.g., caffeic acid) have greater potency as hydrogen donors via −CH=CH−COOH group than benzoic acid derivatives (gallic acid) that possess carboxyl groups (Mathew et al., 2015) . Superoxide radical can undergo Fenton reactions to generate more ROS including hydroxyl radicals (formed by interactions of metal ions with H 2 O 2 ), which accelerate lipid peroxidation while FRAP measure the ability of antioxidants agents to reduce Fe 3+ to Fe 2+ (Fasakin et al., 2011; Yehye et al., 2015) . Thus, FIC may afford protection against oxidative damage by preventing hydroxyl radical formation and lipid peroxidation. The higher HRSA, SRSA and FRAP by OG extracts and higher DPPH-RSA by SM extracts may account for their higher ILAO when compared to AC extracts. Consistently, high radical scavenging activity and inhibition of lipid peroxidation reported for V. amygdalina were related to synergistic effects of polyphenolics compounds that create a broad spectrum of antioxidant activities (Fasakin et al., 2011; . Furthermore, vitamins (non-phenolic compounds) were associated with DPPH-RSA, HRSA and FRAP of A. hybridus, T. triangulare, T. occidentalis and V. amygdalina extracts , suggesting that non-phenolic compounds may also have contributed to the measured antioxidant activities. Therefore, identification and characterization of the active components within each vegetable species are necessary because different classes of secondary metabolites can exhibit varying synergistic or antagonistic antioxidant potency. In addition, further researches using advanced analysis methods such as chromatographic techniques, in vitro biological tests (cellular-based methods), simulated digestion and in vivo models (de Camargo et al., 2019; Granato et al., 2018) are needed to fully understand the antioxidant properties of the studied leaf extracts.
Antioxidant activities were significantly affected by fertilizer application, harvest time and their interaction, emphasizing importance of these factors in functional quality of leafy vegetables. The association between urea micro-dosing combined with cattle manure and one of the first two leaf harvests induced significantly higher antioxidant activities than urea or manure alone combined with third harvest. Thus, nitrogen micro-dosing associated with organic fertilizer for growth of leafy vegetables that will be harvested at early maturity stage could be considered as beneficial to synthesis and activity of water-soluble free radical-scavenging polyphenols. Significant decreases in DPPH-RSA and FRAP with increase of nitrogen application doses as well as increase in these antioxidant activities with co-application of mineral and organic fertilizers had also been previously reported (Olarewaju et al., 2018; Sossa-Vihotogbé et al., 2013b; Stefanelli et al., 2011) . High level of antioxidant activities found at the first two harvests could be linked to fertilization (for the first harvest) and to injury stress caused by first leaf harvest (for the second harvest). Indeed, plant injury at leaf harvest is a form of stress that can increase synthesis of polyphenolic compounds as part of plant defense strategy and these compounds are well-known as free radical scavengers (Brasileiro et al., 2015; Tavarini et al., 2015) . Soil impoverishment due to fertilization option chosen in this study (one week before transplanting for manure and immediately after transplanting for urea) may explain lower antioxidant activities observed at third harvest. Higher DPPH-RSA and FRAP by J. tenella fertilized with NPK and cattle manure were reported at second harvest while that of C. sesamoïdes and S. radiatum were at second and third harvest times (Sossa-Vihotogbé et al., 2013b) .
Correlation between polyphenolics and antioxidant activities
There were more significantly negative correlations found between TPC, TFC, identified polyphenolic compounds and antioxidant activities than positive ones, indicating that measured antioxidant activities may result from synergistic or antagonistic effects between ROS and polyphenolic (identified or not) or with non-phenolic compounds within the extracts (Nagarani et al., 2014; Oboh et al., 2016) . Otherwise, steric hindrance between carboxylate group and hydroxyl groups within structure of phenolic acids (e.g., hydroxybenzoic acids) as well as glycosylation of flavonoids (e.g., rutin) were negatively associated to free radical scavenging activities (Denardin et al., 2015) . The negative correlations suggested that high contents of polyphenolic compounds may be harmful due to pro-oxidative effects or increased reaction with beneficial concentrations of ROS normally present at physiological conditions that are required for optimal cellular functioning (Bouayed and Bohn, 2010) . Positive correlations found suggest that the measured antioxidant activities are promoted by similar sources of polyphenolic compounds, consistent with the report on positive correlation between phenolic content and radical scavenging activity of L. sativa (Viacava et al., 2014) . Positive correlations found between TPC and catechin or quercetin contents were not expected but may be linked to structural changes within complex phenolic compounds due to conversion into hydrolysable forms, which increase reaction intensity with Folin Ciocalteu reagent (Djibril-Moussa et al., 2019) . Given that low EC 50 values indicate greater antioxidant activities, significantly negative correlations found between DPPH-RSA and TFC or myricetin content as well as between FIC and TPC or gallic acid content suggest that flavonoids and phenolics were, respectively stronger contributor to DPPH-RSA and FIC in leafy vegetables. The structure-activity relationships between antioxidant activities explain the positive relations found between HRSA and SRSA or FRAP.
Conclusion
Leafy vegetables produced under fertilizer micro-dosing are potential sources of phytochemicals with nutraceuticals properties, which can be useful in management of oxidative stress-related disorders or to reduce negative effects of ROS on food quality. The variability in polyphenolics between vegetable species was strengthened by interaction of fertilizer micro-dose and harvest time resulting in synergistic or antagonistic antioxidant effects. Based on our finding, it is of critical importance to investigate effect of application of fertilizers after each harvest since the present work has shown loss of antioxidant activity after more than two leaf harvests while multiple harvests are necessary to increase farmers' income.
